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ABSTRACT  A  Krebs-Henseleit  (KH)  medium  made  hypertonic  by adding 
nonpermeant  molecules substantially  increased  the  isometric peak  tension  at 
steady-state contractions below 3 per sec in guinea pig atrium at 27°C. Action 
potential durations were decreased. KH plus 100 mM raffinose or sucrose resulted 
in similar and nearly maximal changes which were essentially reversible upon 
return to normal KH. When one active contracting atrium was used to passively 
stretch a second atrium, the difference in Ca ion exchange (1 min exchange with 
the extraceUular space) between active and stretched atria significantly increased 
at  1 per see and at 2 per sec in going from normal to  100 rnM hypertonic KH. 
The calculated mean Ca ion cellular exchange per beat per  100 g  of cells  (a) 
doubled in changing from normal to 100 mM hypertonic KH, and (b) decreased 
slightly in changing from contractions of 1 per sec to 2 per sec in normal KH. 
These data are consistent with the hypothesis (a) that Ca ion entry per beat from 
the extracellular space is  proportional to  membrane depolarized time with  a 
constant medium and a steady-state condition, and the hypothesis (b)  that  100 
m_g hypertonicity doubles the Ca ion entry rate during depolarization. These 
data enable rejection of the hypothesis that the peak tension is proportional to 
the Ca ion entry per beat from the extraceUular space under steady-state condi- 
tions, and suggest that any additional Ca ion involved in the larger contractions 
at higher frequencies comes from an increase in Ca ion available from intra- 
cellular stores. 
INTRODUCTION 
In isolated rabbit atrium, kitten atrium,  and kitten papillary muscle,  a  small 
increase in the medium osmolality  (less than 50%  above normal)  resulted in 
a  significant increase  in  contractile strength  (Hirvonen,  1955;  Koch-Weser, 
1963  b).  In the present study the hypertonic effect on isometric peak tension 
and  transmembrane  action potential duration was  explored with guinea pig 
atrium over a  range of contraction frequencies. 
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Substantial  increases  in  tension  also  occurred  whenever  the  contraction 
frequency was increased from  1 to  2  per  sec,  or whenever the medium Ca 
ion concentration was increased by a  factor of 2 or 3  above normal  (Koch- 
Weser,  1963  a; Sleator et al.,  1964).  The latter result, together with indirect 
evidence that  Ca ion transport to  and from the actin and myosin filament 
overlap  region  may  be  the  "on-off''  switching  mechanism  (Weber  et  al., 
1964 a, b; Winegrad, 1965 a, b), strongly suggests that Ca ion concentration at 
this time may limit and thus determine tension magnitude. Because Ca ion 
can  enter  the sarcomere from extracellular space,  from the T-tubules,  and 
from the  endoplasmic reticulum,  and  possibly from  the  mitochondria,  the 
hypothesis that the sarcomere Ga ion concentration varies from extreme deficit 
at rest to a moderate limiting value which determines contraction strength, is 
difficult to test. 
In the present study quantitative measurements were made of Ca ion ex- 
change  between  tissue  and  extracellular  fluid  in  normal  and  in  100  mM 
hypertonic media,  and  at  one  and  two  contractions  per  sec.  Tension  and 
extracellular space measurements were made simultaneously or under identi- 
cal conditions to clarify the relation between the Ca entry per beat from the 
extracellular space into the cells and contractile strength in guinea pig atrium. 
METHODS 
For each of the tension and Ca ion exchange measurements a guinea pig left atrium 
was excised, trimmed, tied at the tip and base with silk threads, and mounted verti- 
cally in a  l0 nfl chamber filled with Krebs-Henseleit (KH) medium through which 
was bubbled 95 % 02-5 % CO2 at a temperature of 27°C 4-  0.5°C. The atrium was 
suspended on a center rod between two electrodes  and was stimulated with a 2 msec 
duration pulse of voltage just above threshold. The stimulator was triggered from 
Tektronix pulse and waveform generators determining the contraction frequency. The 
output of the Sanborn force transducer was processed using a carrier preamplifier and 
recorder. For action potential measurements the atrium was suspended horizontally  in 
another chamber and the flexibly suspended glass microelectrode technique was em- 
ployed as in Sleator et al. (1964). 
Double Atrium Experiment  In the double atrium Ca ion exchange experiments, 
one stimulated and contracting atrium was tied in series to a second atrium which was 
passively stretched. Two left atria were tied with silk threads, looped symmetrically 
together tip to tip, and mounted vertically. The lower muscle was positioned between 
the stimulating electrodes  and connected to the upper muscle by a  nonconducting 
thread. Only the lower one was stimulated to contract, while the upper muscle was 
passively stretched by contraction of the lower muscle. During the aging-in period the 
atria were removed and reversed in position, so that the upper stretched muscle be- 
came the lower active one. Before ion exchange the two atria were equally aged on the 
average, 48 min active and 48 min stretched. For the hypertonic experiments the last 
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Hypertonic Media  Unless otherwise stated the  100 mM hyperosmotic and hyper- 
tonic media were made by dissolving 5.95  g  of raffinose into  100  ml of normal KH 
medium. The 100 mM sucrose KH required 3.42 g per  100 ml. The osmolality equals 
the  molality since the  osmotic coefficients of small nonelectrolyte molecules slightly 
exceed unity. Ra~nose was chosen because it appeared to be the largest conveniently 
available molecule (Stoke's diameter  12.2 A) which was soluble to the extent of 100 
mM at 27 °C, and with which the cell membranes did not interact chemically. 
Ca Ion Exchange  These experiments measured direct  exchange between tissue 
and medium, and employed 4sCa ion as the uptake label or tracer.  Aqueous 45Ca++ 
(2 C1-) obtained from Nuclear Consultants  (St. Louis, Mo.) was added to the media 
to give activities in the range of 0.1  to 0 5 #c per ml. The KH exchange medium was 
mixed and the temperature equilibrated in a capped vial for 15 min before use. The 10 
ml muscle chamber was emptied and filled with the exchange medium within 5 see. 
Thus the labeled medium was abruptly introduced and exchange allowed for various 
periods of time with or without stimulation. The time from formal termination of ex- 
change to placing the muscles on the blotter was 7-10 see during which time some ex- 
change continued with the adhering medium. There were two outside surfaces to be 
blotted, and the medium adhering to the inner surface of the hollow atrium had to be 
gently pressed out through the single orifice. One surface was spread down over the 
blotter and gently pressed with forceps, a sector at a time against the blotter. Then the 
muscle was turned over and the reverse side pressed in the same way to also force out 
the inner fluid through the orifice onto the blotter. The net result was overblotting on 
the outside and underblotting  on the inside.  The total blotting procedure was prac- 
ticed and standardized at near 8 sec per atrium. The atrium was then trimmed of all 
damaged tissue about the orifice, lightly blotted on the orifice, and weighed, all within 
30 see per atrium. Each atrium was placed in a small 2 ml glass hand homogenizer and 
blended in 1 ml of unlabeled medium. This was poured into a standard 20 ml counting 
vial. Another  1 ml of unlabeled medium used to rinse the homogenizer was added to 
the same vial. Finally 13 ml of Bray's scintillator solution  (Bray,  1960)  was added to 
complete the exchange atrium counting sample. 
In order to ensure an equal geometry for the optical effects such as light scattering 
and possible absorption, an exchange medium reference counting sample was made up 
as follows: The unlabeled right atrium was trimmed to the left atrium weight, homog- 
enized in 1 ml of the labeled exchange medium, and poured into a  counting vial. The 
homogenizer was rinsed with  1 ml of unlabeled medium which was then added to the 
same vial. Finally,  13 ml of Bray's solution was added to complete the sample. 
The  above homogenizations  disrupted  the  tissue  and  cells  to  nearly  transparent 
particles with diameters less than 100 #. The scintillation solution very probably occu- 
pies more than the normal 40 %  extracellular space in these partially disrupted  cell 
clumps. Thus 13~elf-absorption effects are negligible for E-radiators such as 14C  (0.158 
Mev),  and  higher  energy 13-radiators including  45Ca (0.25  Mev)  (see,  for example, 
Schram and Lombaert, 1963). 
Liquid Scintillator Counting  These  13-samples  were  counted  using  the  Packard 
Instrument Tri-Carb model 314 liquid scintillation counter. Each sample was vigor- 
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The entire sample group was recounted in the same order up to 10 times, depending on 
the repeatability of the count. This procedure minimized the variation of the counting 
rate ratio  (of the exchanged atrium  to the exchange medium  reference)  caused  by 
instrument counting rate variations occurring during the counting period. 
Extracellular  Space Measurements  These experiments employed sucrose-14C, man- 
nitol-14C, and inulin-14C in KH media with activities in the range of 0.2 to 0.35/~c per 
ml. The 22Na ion-KH medium activity was near 0.12 #c per ml. The x4C-labeled sub- 
stances were purchased from New England Nuclear Corp.  (Boston,  Mass.) and 22Na 
ions in the form of aqueous ~Na  + (C1-)  from Nuclear Consultants  (St.  Louis, Mo.). 
The sucrose-14C was received as crystals, dissolved in an aqueous sucrose carrier solu- 
tion, distributed with desired activity into standard 20 ml counting vials,  and frozen. 
Just before use, a vial was removed from the freezer and 10 ml of KH medium added 
immediately. The atrium uptake exposure and all procedures analogous to the 4sCa 
ion exchange were deliberately made identical to the above including the preparation 
and counting of the samples. Additional methods and other details can be found in 
Little (1967). 
RESULTS 
Hypertonic  Effect  on Active  Tension  and on Action  Potential  Duration 
Fig.  1 reveals at least four major qualitative  features of steady-state contrac- 
tions  at  27°C:  (a)  The  isometric  active  peak  tension  usually increases  with 
increasing  contraction  frequency  in  the  range  of 0.1  to  2  contractions  per 
second  (cps)  (curves I  and  II).  (b) There  is a  change with time and  history 
hereafter  called  aging,  which increases tension  at all frequencies below 2 cps 
(curve II,  recorded after  109 min during which there was some activity at 3 
and  4  cps).  (c)  When  the  KH  medium  is  made  100  rnM  hypertonic  by the 
addition  of raffinose the tensions  at frequencies below 3  cps  (curve  III)  are 
substantially  increased.  (d)  The  tensions  tend  to  coincide  above  3  cps  in 
quasi-steady states.  The  term  quasi-steady state is defined  as  follows: When 
the frequency of contraction  is changed from a steady state at 1 cps to a higher 
frequency,  say 2  cps,  there are marked  but transient  changes  in contraction 
strength which last for about 100 beats. After  these  first  100  beats,  a  state  is 
reached in which peak tension decreases very slowly; i.e.,  typically the order 
of 200-/o over tens of minutes.  However, for  a  few minutes  between  the  end 
of the  transient  and  the beginning  of the  slow decrease,  the  tension  is  very 
nearly constant  at its highest value; it is this several minute period which we 
refer to as a quasi-steady state. 
The tension increases in aging were made greater by a history of contraction 
frequencies above 2  cps and  by excessive bias or resting  tensions.  This  aging 
change was minimized  by maintaining  the bias tension  in  the not excessive 
range of 400 to 600 mg,  by not exceeding 2  cps,  and  by allowing at least 30 
min for aging with  1 cps activity before data collection. 
The  effect of intermediate  excess osmolalities  and  tonicities,  and  the  ra- 498  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  I969 
tionale for choosing  100 ~  for subsequent  experiments are qualitatively il- 
lustrated by Fig. 9. The tension increased monotonically as the sucrose hyper- 
tonicity increased from 0  (normal KH  medium)  to 95,  50,  75,  and  100 Ir~. 
For this example and others there was  an  apparent  saturation of effect near 
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FIGURE 1.  Example of isometric  peak tensions over a  wide range of contraction fre- 
quencies.  I, normal KH II, normal KH aged, and IU, lOO n~ hypertonic KH. Aging 
under activity increased  the tensions significantly. A  100 nm hypertonic medium sub- 
stantially increased the tensions at contraction frequencies below 3 cps. 
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FIGURe- 2.  Example of isometric peak tensions over a range of contraction frequencies 
for several hypertonic levels. There is an apparent saturation effect near 100 mM hyper- 
tonicity. 
100  raM.  The  effects were  similar  whether  the  nonpermeant  molecule  was 
raIfinose,  sucrose,  or  mannitol. 
The  100  mM  hypertonic  effect was  largely  reversible.  This  was  demon- 
strated in a  series of four muscle experiments at three contraction frequencies, 
and  is  summarized  in Table I.  The  tensions were measured  in  normal KH, 
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perturbing  to 0.5 and  2  cps from a  1 cps reference steady state.  An approxi- 
mate summary is that the probability was 0.90  that  there  was  at  least 80% 
recovery from the 100 mM hypertonic medium in returning to the normal KH 
TABLE  I 
ISOMETRIC  PEAK  TENSIONS  REVERSIBILITY  FROM  100  mM 
HYPERTONIC  KH  MEDIUM.  1.0  CONTRACTIONS  PER  SEC 
STEADY  STATE  WITH  PERTURBATION  TO  0.5  AND 
2.0  CONTRACTIONS  PER  SEC* 
TenJionz relative to 1 eps and normal KH 
10o mM 
Normal KH  hypertonic KH  Normal KH 
Beats per ze¢  before  medium  after  Diffc~nce after-before 
0.5  0.60  1.46  0.64  0.040-4-0.063  (4) 
1.0  1.00  1.85  1.06  0.0664-0.036  (4) 
2.0  1.62  2.19  1.69  0.0684-0.033  (4) 
* Mean  values from four muscle experiments. In the difference column both 
the mean  difference and  the standard  deviation of the mean  difference  are 
given. 
TABLE  II 
ISOMETRIC  PEAK  TENSIONS  IN  NORMAL  AND 
I00  mu  HYPERTONIC  KH.  0.01-2.0  CONTRACTIONS 
PER  SEC  STEADY  STATE* 
Tenlionl relative to 1 eps and normal KH 
Contractionl 
per eec  Normal KH medium  100 nm hypertonic KH medium 
0.01  0.3664-0.o55 (8) 
0.025  0.3074-0.042  (8) 
0.05  0.2634-0.037  (8) 
0.10  0.3074-0.018  (42)  1.494-0.094  (12) 
0.25  0.3634-0.017  (40)  1.374-0.115  (10) 
0.40  0.5074-0.017 (40)  1.454-0.113 (lO) 
0.625  0.7314-0.012  (43)  1.604-0.103  (12) 
1.00  1.000~  (43)  1.714-0.100  (14) 
1.60  1.2854-0.012  (37)  1.834-0.112  (9) 
2.00§  1.4364-0.023  (23)  1.894-0.100  (7) 
* The  number  of muscle experiments is indicated  in  parentheses following 
the mean  value and  the standard  deviation  of the mean  in this and all  the 
following  tables. 
:~ The  isometric peak  tension at  1  cps in normal KH  was  1,283  4- 63  rag. 
§  Quasi-steady state  at 2  cps  (see text page 497). 
medium,  with  the  mean  recovery near  90%.  Reversibility  assures  that  the 
system is still intact although measurably altered. 
The  entire  quantitative  summary of data on peak  tension  vs.  contraction 
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The data were all normalized  to  1 cps and  the standard  KH medium condi- 
tion. The  100 mM raffinose, hypertonic KH medium increased the tension by 
a  substantial  amount  over  the  normal  KH  medium  in  the  contraction  fre- 
quency range from 0.1  to 2 cps. The mean increase was a  factor of 4.9 at 0.1 
cps,  1.7 at  1 cps, and  1.3  at 2  cps, and  was highly significant  over the entire 
range  (P  <  0.005). 
The hypertonic condition also had a  significant effect on the duration  time 
of transmembrane  action  potentials.  Some  quantitative  data  are  given  in 
Table III showing the effect of I00 mM hypertonic sucrose on the action po- 
tential  duration  width  at  one-third  peak  amplitude.  These data  are  from  a 
single  muscle  experiment  in  which  several  different  cells  were  impaled  at 
three  different  contraction  frequencies.  There  was  a  significant  decrease  in 
the  durations,  at  both  0.5  and  2  cps,  in  changing  from  normal  to  100  mM 
TABLE  III 
ACTION  POTENTIAL  DURATIONS  IN  NORMAL  AND  100  mM 
HYPERTONIG  KIt.  0.5-2.0  CONTRACTIONS  PER  SEC* 
Durations at one-thh-d amplitude in mJec 
Contractions 
per aec  Normal KIt medium  100 mM hypertonic KH medium 
0.5  76.74-1.13  (4)  67.84-1.72  (5):~ 
1.0  57.04-1.54  (5) 
2.0  60.44-1.85  (5)  42.24-4.09  (5)§ 
* All data are from one muscle experiment with the number of different meas- 
ured cell action potentials indicated in parentheses following the mean value 
and the standard deviation of the mean. 
The decrease at 0.5  cps was 8.9  -4- 2.06  and significant  (P  <  0.01). 
§ The decrease at 2 cps was 18.2  -4- 4.49 and significant (P  <  0.01) 
hypertonic medium  (P  <  0.01).  The mean decrease was  12%  at0.5 cps and 
300-/o at 2 cps. 
CA  ION EXCHANGE  If C  is  the  counting  rate  of the  exchanged  atrium 
counting sample, C46 is the counting rate of the  1 ml exchange medium refer- 
ence  counting  sample,  and  W  is  the  homogenized  atrium  weight  in  milli- 
grams,  then  the  exchange  space  S  is  the  number  of milliliters  of the  45Ca 
ion-KH exchange medium which is required  to give the same counting rate 
given by 100 gm of the atrium: 
10  5  C 
S  -- -~  X  ~  ml per 1  O0 g wet weight 
Thus  the measure of the  amount of Ca  ion exchanged  by the  atrium  is  the 
amount of the exchange  medium required  to obtain  the same counting  rate, 
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Some exploratory results for S are summarized in Table IV. The exchange 
spaces,  S,  are given  in  three columns  corresponding  to  three  activity states; 
resting,  stretched at 2 cps,  and active at 2 cps. The time of exposure after an 
abrupt change to the 45Ca ion-labeled-KH medium was varied in steps from 
1 to  60 min  for the conditions  as shown.  There  are  at least four interesting 
features  which  stand  out  in  view  of the  experimental  standard  errors:  (a) 
There was no  significant  difference in the mean exchange  space between 30 
and  60 rain exchange time under resting conditions.  (b) The 30 min resting, 
2  cps stretched,  and  2  cps  active  spaces were not  significantly  different.  (c) 
There were significant increases from the resting to the 2 cps stretched spaces 
at both 1 min (3.84 4-  1.60; P  <  0.025) and 5 min (11.98  4- 3.58; P  <  0.025). 
These increases may have been caused by mechanical pumping and mixing of 
the extracellular  space contents,  and  they illustrate  the need  for the double 
TABLE  IV 
CALCIUM  ION  EXCHANGE  SPACE  UNDER 
RESTING,  STRETCHED,  AND  ACTIVE  CONDITIONS. 
EXCHANGE  TIMES  FROM  1-60 MIN 
Exchange space in ml per 100 g muscle 
Exchange 
time  Resting  Stretched at 2  cps  Active at 2  cps 
m/n 
1  18.76-4-1.07  (5)  22.604-1.19  (9)  32.074-1.05  (9) 
5  35.854-1.73  (4)  47.834-3.13  (3)  54.624-2.59  (5) 
15  59.914-3.97  (4) 
30  70.164-5.84  (3)  70.34  (2)  73.504-2.39  (4) 
60  69.034-3.60  (4) 
atrium  experiment.  (d)  There  were  significant  increases  from  the  2  cps 
stretched to the 2 cps active spaces at both 5 min and at  1 min.  It is this latter 
increase that is of primary interest because it is the most accurate measure of 
the cellular exchange due to electrical and mechanical activity. 
Quantitative  Ca  ion  exchange  space  measurements  were  made  with  the 
double atrium preparation  using a  1 min exchange time. This short exchange 
time was chosen to minimize the fractional standard  error of the mean differ- 
ence space between the paired active and stretched atria.. Referring to Table 
IV, 30 min is certainly too long, while even 5 rain showed evidence of satura- 
tion relative to  1 min.  The  1 min exchange time was near the minimum pos- 
sible time consistent with the blotting and other techniques. 
The  important  1 min  exchange  space  data  are  concisely summarized  in 
Table V  for 2 cps and for  1 cps. Note that the difference, or presumptive ac- 
tive cellular exchange space, increased significantly at 2 cps activity in going 
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The ratio of the hypertonic to the normal mean spaces was 1.88.  The cdlular 
exchange increase was  also  significant at  1 cps activity  (3.75  4-  1.58;  P  < 
0.025), the ratio of the means being 1.82. 
EXTRACELLULAR SPACES  The  extraceUular  space  and  Na  ion  space 
measurements were made primarily to properly interpret and to calculate the 
actual values of Ca ion exchange per beat.  For the purpose of checking and 
maintaining self-consistency in this work the methods, including muscle aging 
history, blotting, trimming, weighing, and liquid scintillation counting, were 
deliberately made  as  nearly as  possible  like  those for  the  Ca  ion  exchange 
measurements. 
TABLE  V 
1  MIN  CELLULAR  CALCIUM  ION  EXCHANGE 
SPACE  AT  I  AND  2  CPS.  DIFFERENCE  BETWEEN  DOUBLE 
MUSCLE  ACTIVE  AND  STRETCHED  SPACES 
Exchange ipace in ml per I00 g mulcle 
Normal KH  I00 mu hypertonic 
Exchange activity  medium  KH medium 
1 cps 
Active  24.714-0.83  (12)  32.064-1.11  (12) 
Stretched  20.144-1.01  (12)  23.744-0.63  (12) 
Difference  or cellular  4.574-1.22  (12)  8.324-1.08  (12) 
exchange 
2  cps 
Active  32.074-1.05  (9)  38.734-2.21  (9) 
Stretched  22.604-1.19  (9)  21.084-1.14  (9) 
Difference or cellular  9.474-1.20  (9)  17.65+1.82  (9) 
exchange 
The  Na  ion  resting  exchange  spaces  for  two  exposure  times  and  three 
tonicity conditions  are summarized in Table  VI.  There was  no  significant 
difference in the Na ion spaces at  60  and  120  min; when both data are in- 
cluded, the asymptotic Na ion space in normal KH medium becomes 47.8  4- 
1.4 (10). This Na ion space is important because it represents a supramaximal 
value  for  the  extracellular  space  measurements.  Although  the  hypertonic 
mean value is lower, there were no significant differences in the 60 min spaces 
under  normal,  100  mM  hypertonic,  and  100  mM  hypotonic  KH  medium 
conditions. 
A few mannitol resting spaces are given as mean values only. Note that the 
mannitol space was greater at  120  rain than the  120  rain Na ion space, and 
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tonic Na ion space. There are not enough data for quantitative  comparison, 
but enough to suggest that mannitol may have been slowly entering the cells. 
The  quantitative  extracellular  space measurements  were made employing 
sucrose-14C in a  sucrose carrier.  There was no significant difference between 
the 60 and  120 rain spaces. The  180 inin space was significantly higher  than 
the  120 rain space, but was still less than the  120 min Na ion space. Also note 
TABLE  Vl 
RESTING  SODIUM EXCHANGE, MANNITOL  UPTAKE, 
AND  SUCROSE UPTAKE SPACES 
Sodium exchange 
Time of exposure  Resting medium  Exdaange or uptake  space 
ml.  ml per 100 g 
60  Normal KH  47.484-2.16  (6) 
120  Normal KH  48.194-1.72  (4) 
60  I00 mu hypcrtonie KH  48.604-2.36  (6) 
60  100 mu hypotonic KH  (--50 mu NaC1)  45.524-4.17  (6) 
4SCa-labeled  space 
Time 
Mannltol uptake  transformation 
m~ 
15  Normal KH  33.12  (2)  7.7 
30  Normal KH  35.77  (2)  15.3 
60  Normal KH  40.72  (3)  30.6 
120  Normal KH  54.58  (2)  -- 
60  I00 m~  hypertonic KH  46.83  (2)  -- 
Sucro~ uptake 
2.5  Normal KH  16.26-4-0.97  (6)  1.0 
60  Normal KH  38.614-1.46  (4)  23.5 
120  Normal KH  38.344-1.42  (6)  47.0 
180  Normal KH  44.494-0.82  (6)  70.5 
120  100 mu hypcrtonie KH  42.924-1.36  (6)  -- 
120  100 ram hypotonic KH  (--50 mu NaCI)  33.204-0.48  (6)  -- 
that  there  was  a  significant  increase  in  the  120  min  spaces  in  going  from 
normal  to  100 mM hypertonic  KH  medium  (4.6  4-  2.0;  P  <  0.05).  Finally 
there was a significant decrease in the 120 min space in changing from normal 
to  100 mM hypotonic KH  medium  (5.1  4-  1.5;  P  <  0.01).  The  special  2.5 
rain  sucrose space measurements  were made for the purpose of calculations 
indicated in the next section. 
Inulin space measurements were made after 60 min of exposure time under 
resting conditions. The results were as follows: 27.49  4- 0.73  (4) ml per  100 g 
in normal KH medium,  and 30.17  4- 0.87  (4) rnl per  100 g in  100 rnM hyper- 504  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  I969 
tonic KH medium.  These values were substantially less than the sucrose and 
mannitol  values  at  60  rain.  There  was  a  significant  increase  in  this  inulin 
space in changing from normal to 100 rnM hypertonic conditions (2.68  ±  1.14; 
P  <  0.05). 
Hypertonicity  increased  the  extracellular  space  per  unit  wet  weight  of 
muscle. The composite result of the six sucrose, four inulin,  and two mannitol 
experiments is summarized  by the statement  that  the percentage increase in 
extracellular  space was  11.7  ±  2.5  (12)  in  going  from  normal  to  100  rnM 
hypertonic  medium  conditions. 
DRY TO WET WEIGHT RATIO  Based on five atria dried overnight this ratio 
was found to be 0.198  q-  0.003  (5).  Two  100 rnM  hypertonic  muscles had  a 
mean value of 0.228  resulting  in  an increase of 15.1%  in this ratio  in going 
from normal to 100 mM hypertonic conditions. In another type of experiment, 
four  muscles  were  aged  in  normal  KH  medium  for  45  rain,  blotted  and 
weighed  for  the first time,  returned  to  normal  medium  for  30  min,  blotted 
and weighed a second time, then placed in 100 mM hypertonic medium for 90 
rain,  and for the third time blotted and weighed. The ratio of the final hyper- 
tonic weight to the second weight was 0.855  ±  0.010  (4). The composite of 
these six experiments  thus  showed  an  increase  in dry to wet weight ratio  of 
16.4  ±  1.4  (6)%  in going from normal  to  I00 mM  hypertonic  KH  medium 
conditions. 
CALCULATION  OF  LABELED  EXTRACELLULAR  SPACE  VS. TIME  The simple 
method  for estimating the 4sCa ion-labeled space vs. time was to convert all 
the extracellular space vs. time data to Ca ion space vs. time using a trans- 
formation based on the relative  diffusion coefficients  (infinitely  dilute,  25  °C), 
hereafter called the time transformation: 
tCaC12  Dc~,ch/D~ 
For this purpose the handbook values for the diffusion coefficients of interest 
are D  X  105  =  1.335 cm  2 per sec for Ca  ++ (2 C1-); 0.682 for mannitol,  0.523 
for sucrose, 0.434 for raffinose,  and  0.230 for inulin.  The transformed  CaCI~ 
times,  along with the original  spaces to which they correspond,  are given in 
Table  VI.  The  120  rain  mannitol  space  exceeded  the  asymptotic  Na  ion 
space and was omitted. The 60 min inulin  space was interpreted  as an easily 
accessible extracellular  space component I.  An approximate  two component 
fit to the extracellular space data gives 27.5 ml per 100 g  (ti/2  =  0.70 min)  for 
component I, and 13.0 ml per 100 g  (tx/~ =  9.0 min)  for component II  (Little, 
1967). 
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16.26  4-  1.0,  and the asymptotic space of 40.5  4-  1.5 ml per  100 g of muscle 
wet weight (average of values for tc,el,  >  23 min). 
CALCULATION OF CA ION CELLULAR EXCHANGE PER CONTRACTION  When 
the derivation and discussion in the Appendix are referred  to, the Ca ion 
TABLE  VII 
CALCULATION  OF  CALCIUM  ION  CELLULAR  EXCHANGE 
PER  CONTRACTION  (E)  IN  NORMAL  KH  AND  IN  100  mM 
HYPERTONIC  KH AND  AT  1 AND 2  CPS.  COMPARISON 
WITH  DOUBLE  MUSCLE  RELATIVE  PEAK  TENSIONS* 
Parameter 
Normal KH 
Units  1 eps  2  cp* 
100 m~ hypertonic  KH 
1  cpl  2  cpl 
&=&-S. 
[Ca++]o 
b$ 
(I  -  0.01  v~)§ 
2 V~  / V,.6§ 
S,/S, [[ 
ml 
100 g  muscle 
4.574-1.22  9.474-1.20  8.324-1.00  17.654-1.82 
2.50  2.50  2.50  2.50 
55  110  55  110 
0.594  0.594  0.547  0.547 
4.98  4.98  4.98  4.98 
0.931  0.830  0.931  0.830 
E 
#moles 
1.624-0.43 
Beat X  100g of cells 
Double muscle relative peak tension  1.00 
1.504-0.19  3.21-4-0.38  3.044-0.31 
1.654-0.05  2.434-0.10  2.614-0.11 
* E  is calculated using the following expression 
E  \  ]  \ Z,q  Beat x  100 g of cens 
b is the number of contractions during the active 55 see of the 1 rain exchange time. 
§ VT/V2.5  is assumed not to change from normal  to  hypertonic conditions. V2.s has  the  value 
16.16  and  Vf has the value 40.54  in normal KH.  Vf is 11.73%  greater in  100 rn~ hypertonic 
KH medium and has the value 45.30. 
[[ S,/Se is 18.76/20.14 for 1 cps in normal KH and is assumed to be the same for 1 cps in 100 mM 
hypertonic condition. Similarly, &fi.Ta is 18.76/22.60 for 2 cps in normal KH and is assumed to 
be the same for 2 cps in 100 rnM hypertonic condition. 
active  cellular  exchange  (with  extracellular  space)  per  beat  for  100  g  of 
atrial cells, E, is calculated using the equation 
E  =  (S. -- S.) (Ca++)o  2Vr  S~ 
b(1 -- 0.01 Vr)  X  ~  X 
~moles Ca  per beat  per  100  g  of atrial  cells 
E  is of fundamental importance for comparison and interpretation. Table 
VII outlines the numerical computations leading to E  values of interest. The 
inputs  and  intermediate parameters are explicitly tabulated.  Also  indicated 
are  the corresponding relative peak  tensions  measured simultaneously with 506  THE  JOURNAL  OF  GENERAL  PI-IYSIGLOGY  •  VOLUME  54  "  I969 
the Ca ion exchange. The inputs So -- S, -  S. come from Table V. The param- 
eter b is the number of contractions during the active 55 sec of the "1  rain" 
exchange time. From Table VI and the corresponding text,  V2.5 was  16.26, 
and VT was 40.5  ml per 100 g gross wet weight. From Tables V  and IV, the 
ratio S,./& was 18.76:20.14 for 1 cps, and 18.76:22.60 for 2 cps in normal KH 
medium. 
Note from Table VII the important result that E increased significantly in 
changing from normal to  100  mu hypertonic KH medium, the mean ratio 
being about 2 at both 1 and 2 cps. Also notice that the differences between E 
values at 1 and 2 cps are not significant either under normal or under 100 n~ 
hypertonic KH medium conditions. 
DISCUSSION 
The 100 mM hypertonic KH medium increased the mean isometric peak ten- 
sion over that in normal KH medium by a factor of 4.9 at 0.1  cps,  1.7  at  1 
cps,  and  1.3  at  2  cps.  Under the  same conditions,  the mean durations of 
transmembrane action potentials were decreased by 12-300-/0 in the frequency 
range from 0.5  to 2  cps.  The fact that qualitatively similar effects are pro- 
duced by high Ca ion concentration in the medium is relevant here. It is well- 
known that increasing the Ca ion concentration increases the tension over a 
wide range of contraction frequencies, and  at the same time decreases the 
action potential durations.  An example from this study of tension vs.  con- 
traction frequency with normal and high Ca ion concentrations is given in 
Fig.  3, which can then be compared qualitatively with Fig.  1. 
The mean values for Ca ion cellular exchange per beat were doubled by 
changing from normal to  100  mM hypertonic KH medium. This result can 
be compared with that of doubling the Ca ion concentration in the medium, 
which presumably also  doubled  the  Ca  ion  cellular exchange with  extra- 
cellular space per beat (Grossman and Furchgott,  1964 a, b). In rat papillary 
muscle, hypertonicity  due to sucrose or NaC1 has been found to increase, for a 
period of time, the mean diameter of the T-tubules without, however, affect- 
ing the longitudinal elements of the endoplasmic reticulum (ER)  (Girardier, 
1965).  It is thus conceivable that swelling of the T-tubules  (if there are T- 
tubules in guinea pig atrium) or of whatever component of the ER might com- 
municate with extracellular space, is the cause for the increased Ca ion entry 
per beat. Another possible hypothesis is that hypertonicity, which causes cell 
shrinkage, could increase the average sarcomere Ca, K, and Mg ion concen- 
trations, but the intracellular Na ion concentration could remain the same or 
decrease, due to action of the sodium pump. Alternatively, the closer prox- 
imity of the contractile elements in the shrunken cells could lead to  an in- 
crease in  the rate of the fundamental reactions responsible for tension de- 
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significantly  increases the Ca ion cellular exchange per beat from the extra- 
cellular  space,  and  this  calcium  flux  increase  is  implicated  as  being  in  the 
causal chain  leading  to increased  tensions,  although  as suggested  below, the 
connection may be an indirect one. 
However,  data  from  Table  VII  combined  with  various  estimates  of the 
actual amount of calcium required  for complete activation of the contractile 
system  lead  to  the  rejection  of all  hypotheses  in  which  tension  is  directly 
dependent  on,  or  determined  by,  calcium  ion  entry  from  the  extracellular 
space.  At  2  cps the  peak  tension  is close to  the  maximum  possible tension, 
while Ca entry per beat was determined  to be  1.50 in normal KH  medium, 
and 3.04 #moles per I00 g of cells in hypertonic KH medium. These values are 
m  40 
.u  0  BO 
o  --  a ÷+ KH (normal) 
•  ~  ~  20  ~  /  x--x 5.0raM  Co  ÷÷ KH  >=  / 
"~o  j  o--o  7.5 mM  Co  *e  KH 
'°  I0  ~  27*C  Q~ 
Steady  state 
0  I  I 
0.015  05"-  1.0 
Conlractions  per  sec 
Fiourm 3.  Example of isometric peak tensions over a range of contraction frequencies 
under three Ca ion concentrations in KH media. Increased Ca ion concentration from the 
normal KH value of 2.5 to 5 mM increased the tensions in a manner qualitatively similar 
to 100 mM hypertonicity. 
an order of magnitude below recent calculations of the amount of Ca required 
to fully activate  the  sarcomere  contractile  system in  various  skeletal  muscle 
ceils (Weber et al.,  1963; Ebashi,  1965). Since there is no evidence of any dif- 
ference between the contractile systems of cardiac and skeletal muscle with re- 
spect to calcium requirements, we may conclude that at 1 and 2 cps the major 
part of the activating Ca ion for each beat does not come from the extracellu- 
lar space. 
Table VII also provides data relevant to an understanding of the effects of 
changing frequency from 1 to 2 cps in normal KH medium. The relative peak 
tension,  measured  simultaneously  with  the  exchange,  increased  from  1  to 
1.65,  yet the mean  Ca ion exchange per beat was not significantly different; 
actually,  the measured value was slightly less at 2 than  at  1 cps. Thus an in- 
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necessary  for  an  increase  in  peak  tension.  The  simple  hypothesis  that  peak 
tension is proportional  to this Ca ion entry per beat can be tested as follows: 
The  standard  error  of the mean  tension  is  small  enough  to  simply multiply 
the  1 cps value of 1.62  q- 0.43 by 1.65 to obtain 2.67  ±  0.71. This value can 
be compared with the 2  cps value of 1.50  q-  0.19.  The difference is  1.17  ± 
0.74 and is significant at the P  <  0.075 level. Within this level of uncertainty 
this hypothesis can be rejected, and we conclude that the explanation  for the 
increase  in  peak tension  with  increasing  contraction  frequency in the range 
from  1.0 to 2 cps (and no doubt also from 0.1  to  1.0)  is not an increasing  Ca 
ion entry per beat from the extracellular space. 
This conclusion may at first glance appear to conflict with that of Winegrad 
and  Shanes  (1962)  who measured  a  Ca  ion  exchange component  at several 
contraction frequencies and reported that its magnitude varied with frequency 
in such a  way as to remain  proportional  to peak tension of the contractions. 
However,  there  is  no  actual  disagreement  between  this  and  our  present 
results, since the component of Ca ion exchange which Winegrad and Shanes 
studied  had  a  half-time  ranging  from  86  to  168  min,  and  the  maximum 
exchange per beat for this component was about 0.1 t~moles per 100 g cells. This 
value is an order of magnitude  smaller  than  our values for Ca ion exchange 
with  extracellular  space  (and  about  100  times  smaller  than  the  estimated 
amount necessary to fully activate the contractile system). Moreover,  there is 
now considerable evidence from various mammalian heart preparations (Gross- 
man and Furchgott,  1964  a,  b;  Langer,  1965; Teiger  and  Farah,  1967)  that 
it is the rapidly rather than the slowly exchanging Ca ion component which is 
most directly  associated with  contraction  strength.  Thus  it is  probable  that 
the results  of Winegrad  and  Shanes  are  not closely related  to  the measure- 
ments reported here or to the conclusions we have drawn. 
The data  and  conclusions presented  above suggest an  explanation  for the 
increase  in  contractile  strength  with  increased  frequency  which  may  be 
stated  briefly,  as follows: When  the frequency is  increased  from  1 to  2  cps, 
peak tension increases by a factor of 1.65, and although the Ca entry per beat 
is  nearly  the  same,  the  average  rate  of Ca  influx  increases  about  twofold. 
When a  steady state is reached  (i.e., after some 100 contractions)  the average 
rate of Ca outflux must have increased  to  a  new value  equal  to  the greater 
influx.  It is difficult to escape the conclusion that in order for the average Ca 
outflux  to  increase  in  this  way  (whatever  the  process  by which  it  occurs), 
there must have been a higher concentration of Ca in the endoplasmic reticu- 
lure  (ER)  compartments  or other  intracellular  storage  sites from which  Ca 
flows out of the cell. It is this higher  Ca concentration in one of the ER com- 
partments which, following each activation,  allows more Ca to be released to 
the contractile  elements,  and  is  thus  responsible for  the  greater  contraction 
strength  at higher frequencies.  Several different,  more detailed models based G.  R.  LITTLE  AND ~r.  W.  SLEATOR  Calcium  Exchange and Contraction Strength  509 
on the kind  of process just described  are  now being  analyzed  and  tested  by 
means of computer simulation. 
APPENDIX 
Ca Ion Cellular Exchange per Contraction  In the double atrium Ca ion exchange 
results shown in Table V the difference between the paired active and stretched muscle 
spaces was interpreted as the active cellular exchange (So). 
Sc  =  S, -- S, ml per 100 g gross wet weight 
Given the total Ca ion concentration in the ~SCa ion-exchange KH medium, (Ca++)0 
mu, and the number of contractions during the 1 rain exchange period (b), the Ca ion 
exchange per contraction from the extraeellular space occupied by the labeled KH 
medium becomes 
(~  ~'-a++'° #moles per contraction per 100 g gross wet weight  So  X 
b 
As indicated above, the extracellular space occupied by the 45Ca ion-labeled exchange 
medium was  considerably less than  the  total extracellular space  (V~).  In fact,  the 
labeled extracellular space varied with time during the  i  rain exposure period. The 
labeled extracellular space was essentially zero at time zero, and was assumed to in- 
crease in a linear manner with time to its value at 1 re_in (V0. Then the cellular ex- 
change per beat from the total extracellular space is higher by the factor (2V~/VO 
giving 
S~ ×  (Ca++)o  2V, 
X  ~/zmoles  per contraction per 100 g gross wet weight 
It was impossible to measure directly the ~Ca-labeled extracellular space after 1 rain 
exposure under stretched conditions (V0 using 45Ca ion because of Ca ion complexing 
to membrane and other structures, and because of Ca ion nonactive cellular exchange. 
Vx was indirectly estimated as follows: Assuming the ratio of Ca  ++ (2 C1-) to sucrose 
diffusion coefficients to be 2.5 at 27°C and at the medium concentrations, the resting 
labeled extracellular space after 1 rain is replaced by the 2.5 min sucrose resting space 
(V~.5). This resting space is increased by the ratio of the 1 min Ca ion stretched space 
(So) to the  1 rain Ca ion resting space (St) to give the estimate of the labeled  1 rain 
stretched extracellular space (V0. 
V~  -  V2.5 X  S0 ml per 100 g gross wet weight 
Sr 
Finally, to convert from the normalization to I00 g gross muscle weight to I00 g of cell 
weight, the fractional ratio of cell to gross weight (fc) is given as the following correc- 
tion factor: 
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When the above expressions are combined, the Ca active cellular exchange with the 
extracellular space per contraction per 100 g of atrial muscle cells (E) becomes 
(& -  s,)  (Ca++)0.  2V,  S, 
•  ~  #moles Ca per contraction per 100 g of atrial cells  E=  Xv-27.   x 
The ratios,  VT/Va.5 and S,/S,,  are not expected to change significantly in  changing 
from  normal  to  100  m_~  hypertonic  KH  medium  and  this  will  be  assumed. 
Also, (Ca++)0 and b are unchanged. The fraction, f~, was found to decrease only by 
8 %  in going from normal  to  100  m_M hypertonic KH medium.  Thus,  the per cent 
standard error of the mean value of E  is assumed to be equal to the per cent standard 
error of the mean difference space So. 
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